ABSTRACT: Plant hormones are likely key regulators of arbuscular mycorrhizae (AM) development. However, their roles in AM are not well known. Here mutants in five hormone classes introgressed in a single tomato (Lycopersicon esculentum Mill. Syn Solanum lycopersicum L.) background (cv. Micro-Tom) were used to determine their effects on AM development and the expression of defenserelated genes (chitinases and β-1,3-glucanases) in roots. Under low P conditions, mutant epinastic (epi) and Never ripe (Nr), ethylene overproducer and low sensitivity, respectively, had the intraradical colonization by Glomus clarum highly inhibited, as compared to the control Micro-Tom (MT). No significant alterations in fungal colonization were observed in mutants affecting other hormone classes. Under low P conditions, the steady state levels of transcripts encoding a class I basic chitinase (chi9) were higher in mycorrhizal epi and Nr mutant roots as compared to MT controls. In contrast the steady state levels of a class III acidic β-1,3-glucanase (TomPR-Q'a) transcripts in mycorrhizal epi mutant roots were significantly lower than in mycorrhizal MT roots. Root colonization in epi mutants was accompanied by several alterations in fungal morphology, as compared to root colonization in MT controls. The data suggest that ethylene may play an important role in controlling intraradical arbuscular mycorrhizal fungal growth. Key words: Lycopersicon, Micro-Tom, defense-related genes, hormones, phosphate
INTRODUCTION
It has been well documented that arbuscular mycorrhiza (AM) formation is highly modulated by phosphate (P) concentration in the plants (Lambais, 2006; Javot et al., 2007) . However, the molecular mechanisms by which P controls AM development are largely unknown. Lambais & Mehdy (1995) proposed that P modulates the intraradical growth of arbuscular mycorrhizal fungi (AMF) through plant hormones, which are likely to play a key role in controlling the expression of defense-related genes. Reports on hormone dosages and exogenous applications related to AM development have been published, even though the roles of plant hormones in AM are not clear (Beyrle, 1995; Ludwig-Müller, 2000; Costa et al., 2000; Hause et al., 2002; Shaul-Keinan et al., 2002 ).
An alternative approach to overcome the uncertainties associated to hormone dosage and exogenous applications in the study of AM formation is the use of hormonal mutants. Since Arabidopsis thaliana, the wide used genetic model, is not able to develop AM, the Micro-Tom (MT) cultivar of tomato (Meissner et al., 1997) can be used as an alternative model to study AM development and signaling (DavidSchwartz et al., 2001) . As Arabidopsis, MT has a small size, short life cycle and amenability for genetic manipulation (mutant and transgenic plants production). Here, tomato mutants with low sensitivity to auxin (diageotropica, Oh et al., 2006) , cytokinin (bushy root, Pino-Nunes, 2005) and ethylene (Never ripe, Wikinson et al., 1995) , as well as tomato mutants with high sensitivity to gibberellin (procera, Jones, 1987) , low abscisic acid level (notabilis, Burbidge et al., 1999) and high ethylene production (epinastic, Barry et al., 2001) into the MT background were used to study the formation of AM. Using this mutant collection we shown that epinastic and Never ripe, two ethylene-related mutations, have significant inhibitory effects on root colonization by Glomus clarum under low P conditions, when compared to MT controls, and that the effect of ethylene may be associated to the control of defense-relate responses. No significant alterations in fungal colonization were observed in mutants affected in other hormonal classes.
MATERIAL AND METHODS

Plant and fungal materials
Tomato (Lycopersicon esculentum Mill. Syn Solanum lycopersicum L.) mutants (Peres et al., 2005) with low sensitivity to auxin (diageotropica, Oh et al., 2006) , cytokinin (bushy root, Pino-Nunes, 2005) and ethylene (Never ripe, Wikinson et al., 1995) , as well as tomato mutants with high sensitivity to gibberellin (procera, Jones, 1987) , low abscisic acid level (notabilis, Burbidge et al., 1999) and high ethylene production (epinastic, Barry et al., 2001 ) were obtained at the Tomato Genetic Research Center (University of California, Davis) and introgressed into the genetic model system cv Micro-Tom (MT), obtained at the Weizmann Institute of Science (Israel). The introgression of mutations into MT was performed as described previously (Lima et al., 2004) . Briefly, after the first backcross generation (BC), plants were selfed to produce BC1F2 plants, which were screened for the mutations of interest and miniature size. This procedure was repeated until BC3F2. One of the mutations contributing to MT small size is dwarf (Lima et al., 2004; Marti et al., 2006) , which leads to a reduction in brassinosteroid (BR) levels (Bishop et al., 1999) . However, different from other tomato BR mutants, such as dumpy and curl-3 (Koka et al., 2000) , the dwarf allele harbored by MT does not result in a drastic phenotype, but produces a miniaturized plant with a proportional reduction in all organs size (Meissner et al., 1997) . At least another unknown mutation is responsible for MT reduced size (Lima et al., 2004) , although it has been demonstrated that this cultivar is not GA deficient/insensitive (Marti et al., 2006) .
Glomus clarum inoculum was multiplied in association with Brachiaria decumbens roots in pots containing sand and vermiculite as substrate and under greenhouse conditions.
Experimental design and growth conditions
Three experiments were performed to evaluate AM formation in tomato hormonal mutants introgressed into MT. The first experiment was set up to test the effect of the epinastic (epi) mutation, the second to test the effect of the notabilis (not) mutation, and the third to test the effect of Never ripe (Nr), diageotropica (dgt), procera (pro) and bushy root (brt) mutations on AMF root colonization. In all experiments, MT was used as the control. Surface-sterilized seeds from mutants and MT genotypes were germinated in boxes containing a mixture of commercial pot mix (Plantmax HT Eucatex, Brazil) and vermiculite (1:1, v:v), supplemented with 1 g NPK 10:10:10 and 4 g of lime per liter of substrate. Seedlings showing the first true leaves were transplanted into 350 mL capillary plastic pots filled with a mixture of autoclaved sand (1 h, 120°C) and polystyrene irregular pellets (1:1, v:v). Distilled water was supplied by capillarity. A mixture of soil, G. clarum spores, hyphae and roots infected by B. decumbens (10 g) was used as inoculum. Non-mycorrhizal control treatments were inoculated with a mixture of soil and non-mycorrhizal B. decumbens roots (10 g). Phosphate was supplied twice a week as KH 2 PO 4 in solution to a final concentration of 4 or 40 mg P kg -1 substrate, for low and high P conditions, respectively (David-Schwartz et al., 2001 ). Treatments were arranged in fully randomized blocks, with eight replicate plants for mycorrhizal and three for non-mycorrhizal treatments. Plants were grown under greenhouse conditions. Harvest was performed 35 days after transplanting, before anthesis, and the upper third of root system was removed to evaluate intraradical fungal colonization. The remaining roots were immediately frozen in liquid N 2 and stored at -80°C for molecular analyses. Shoots were dried to constant mass at 60°C and used for dry matter and phosphorus concentration determinations.
Phosphorus concentration in shoots
Dried shoots were ground to a fine powder and used for the determination of phosphorus concentration by spectrophotometry at 420 nm, after nitroperchloric digestion (Malavolta et al., 1992) .
Intraradical fungal colonization
Root sub-samples were fixed in FAA and stained with ink (QuInk, Parker, UK) and acetic acid solution according to Vierheilig et al. (1998) , and the intraradical fungal growth determined using the intersection method (Giovannetti & Mosse, 1980) . Intraradical fungal growth was determined as the percentage of the total root length colonized by the AMF.
Roots of genotypes with significant alterations in colonization rate, as compared to MT controls, were cut in 1 cm fragments and examined under an Eclipse E800 microscope (Nikon, Japan) coupled to an Exwave HAD digital camera (Sony, Japan).
Defense-related transcript accumulation analyses
The steady state levels of transcripts encoding chi9 (class I chitinase), TomPR-Q´a, (class III β-1,3-glucanase) and TomPR-Q´b (class III β-1,3-glucanase) in mycorrhizal roots of epinastic and Never ripe mutants, and MT control, grown under low P conditions, were determined using qRT-PCR analyses, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as the constitutive control. Total RNA was extracted from frozen root samples using TRIzol Reagent (Invitrogen, São Paulo, Brazil). RNA quality was checked on 1.5% formaldehyde-agarose gel and quantification was performed spectrophotometricaly at 260 nm (SmartSpec 3000, BioRad, Hercules, CA). Total RNA was treated with DNase I (Fermentas Life Sciences, Ontario, Canada), and first-strand cDNA was synthesized using SuperScript II reverse transcriptase system (Invitrogen, São Paulo, Brazil). Specific primers for target (chi9, TomPR-Q´a, and TomPR-Q´b) and constitutive control (GAPDH) genes were designed based on conserved regions of sequences deposited in the NCBI (http://www.ncbi.nlm.nih.gov/) or TIGR (http://www.tigr.org/) databases (Table 1) , using Primer3 (http://www-genome.wi.mit.edu/ cgi-bin/primer/ primer3_www.cgi). qRT-PCR analyses were carried out using a Rotor-Gene 3000 thermocycler (Corbett, Australia). PCR was performed in 10 µL of Taq-polymerase buffer solution containing 50 ng first-strand cDNA templates, 0.8 µM of each primer and SYBR-green master mix (Applied Biosystems, São Paulo, Brazil). All samples were amplified in triplicate under the following conditions: 95 o C for 10 min, followed by 45 cycles of 95 o C for 20 s and 60 o C for 45 s. The products for each primer set were subjected to melt-curve analysis using the thermocycler manufacturer's software (Corbett, Australia). The transcript abundance ratio of the target genes to the reference gene was determined as described by Pfaffl (2001) .
Statistical analyses
The data were analyzed by one-way ANOVA and means were compared using Student's t-test (P < 0.05). Colonization rates were normalized prior to statistical analyses.
RESULTS
Intraradical fungal colonization
In all experiments, the intraradical fungal colonization in MT tomato was significantly reduced under high P conditions as compared to low P conditions (P < 0.05, Figure 1 ). The ethylene-overproducing mutant epi, under low P conditions, showed a significant 3.1-fold reduction in AMF intraradical colonization when compared to the MT control (P < 0.05, Figure 1a ).
ABA-deficient mutant not, which synthesizes less than 50% of the normal ABA levels (Tal, 1966) , showed no significant alterations in the rates of intraradical colonization, as compared to the MT controls, neither at low nor at high P conditions (P > 0.05, Figure 1b) . In the ethylene-insensitive mutant Nr, the intraradical colonization rates were 1.3 and 1.4-fold lower than in the MT control, under low and high P conditions, respectively (P < 0.05, Figure 1c ). In the pro, dgt and brt mutants, the differences in intraradical fungal colonization either under low or high P conditions, as compared to the MT control, were not significant (P > 0.05, Figure 1c ).
Mycorrhizal roots of the ethylene mutants Nr and epi as well as the MT controls were examined using phase-contrast microscopy. The fungal growth pattern within the roots was indicative of Arum-type colonization, with abundant arbuscules and vesicles (Figure 2a ). Typical appressorium development was detected on MT roots (Figure 2b) . However, several morphological alterations, such as abundant external hyphae without intraradical growth (Figure 2c ), swollen hypha (Figure 2d ) and limited growth within the cortex (Figure 2e) , where observed in epi mutant roots. Reduced number of vesicles, which were abundant in MT (Figure 2a ), as well as high incidence of hyphal coils within cortical cells (Figure 2f ) was observed in the epi mutant. In spite of the reduction in root colonization, fungal morphology in Nr mutant and MT control was indistinguishable (data not shown).
Defense-related transcript accumulation
Considering the roles of ethylene in plant defense responses, the steady-sate levels of transcripts encoding a basic chitinase, a basic and an acidic isoform of β-1,3-glucanase regulated by ethylene and likely involved in AM regulation (Lambais & Mehdy, 1995) , were determined using qRT-PCR in mycorrhizal roots of the mutants epi and Nr and the MT control when grown under low P conditions.
The steady-state levels of chi9 transcripts in mycorrhizal roots of epi mutants were approximately 4.1-fold higher than in mycorrhizal roots of the MT control (P < 0.05, Figure 3a) whereas the steady-sate levels of TomPR-Q'a transcripts were approximately 5.6-fold lower in epi mycorrhizal roots than in MT mycorrhizal roots (P < 0.05, Figure 3b) , and the steady state levels of TomPR-Q'b in epi mycorrhizal roots were not statistically different from MT mycorrhizal roots (P > 0.05, Figure 3c ).
For Nr mycorrhizal roots grown under low P, the steady state levels of chi9 transcripts were approximately 44-fold higher than in mycorrhizal roots of MT (P < 0.05, Figure 3d ), whereas the steady state levels of TomPR-Q´a and TomPR-Q'b transcripts in Nr mycorrhizal roots, although higher, were not significantly different from the steady state levels of transcripts observed in mycorrhizal roots of MT (P > 0.05, Figure  3e -f).
Shoot P concentration
In order to assess the impact of the epi and Nr mutations for P uptake and translocation to the shoots, P concentrations in the shoots of epi, Nr and MT, grown under low and high P conditions were determined. At low P conditions, shoot P concentrations in epi and Nr non-mycorrhizal mutant plants were lower than in non-mycorrhizal MT (P < 0.05, Figure   Figure 1 -Intraradical colonization of tomato roots by Glomus clarum under low and high P conditions. a) MicroTom (MT) and epinastic (epi) mutant. b) MT and notabilis (not) mutant roots. c) MT, Never ripe (Nr), procera (pro), diageotropica (dgt) and bushy root (brt) mutants. Data represent the means of 8 repetitions ± SE. Within the same P condition, means marked with asterisk are significantly different from the MT control (Student´s t test, P < 0.05). 4a, c), whereas there were no differences (P > 0.05) between non-mycorrhizal genotypes when at high P condition (Figure 4b,d) . Shoot P concentration in mycorrhizal epi mutants were lower than in mycorrhizal MT at low P conditions (P < 0.05, Figure 4a ), whereas at high P conditions there were no differences (P > 0.05, Figure  4b ). Shoot P concentration in mycorrhizal Nr mutants and mycorrhizal MT either at low or high P conditions were not significantly different (P > 0.05, Figure 4c , d).
DISCUSSION
In this paper a preliminary assessment of the effects of five classes of tomato hormonal mutants on AM infection under low and high P conditions was performed. Among the mutants tested, the intraradical colonization by G. clarum was significantly reduced in both ethylene mutants (epi and Nr) mostly when plants were grown under low P conditions. The epi mutant is constitutively activated in a subset of ethylene responses, including the expression of the ethylene-induced gene chi9, encoding a class I basic chitinase (Barry et al., 2001) , whereas the Nr mutant is insensitive to ethylene (Wikinson et al., 1995) . The reduction of AM formation in different ethylene contexts (low sensitivity and high production) is consistent with early suggestions that although this hormone is highly inhibitory for colonization (Azcón-Aguilar et al., 1981; Ishii et al., 1996; Geil et al., 2001) , at low concentration it may also stimulate the fungal growth (Ishii et al., 1996) .
Ethylene can act as a signal for the induction of a wide range of physiological processes, such as seed germination, senescence, epinasty, abscission and fruit ripening as well as plant defense responses (Abeles et al., 1992) . A common event behind some of these processes is the activation of hydrolytic enzymes such as polygalacturonases, glucanases and chitinases. Among the hydrolases induced by ethylene, chitinases and β-1,3-glucanases may have important roles in controlling the intraradical growth of AMF (Lambais & Mehdy, 1995) . Since hydrolytic enzymes may either help AMF penetration or prevent colonization by degrading the plant or fungal cell walls, the negative effect of both ethylene-overproducing (epi) and -insensitive (Nr) might be somewhat linked to the activity of these enzyme or other delicate balance of substances induced by this plant hormone in the roots (Lambais & Mehdy, 1995) .
Transient increases in the activities of specific chitinases and β-1,3-glucanases have been reported to occur in mycorrhizal roots as compared to non-mycorrhizal controls (Lambais & Mehdy, 1993; Spanu et al., 1989; Vierheilig et al., 1994) . In addition, accumulation of transcripts encoding chitinases and β-1,3-glucanases in cells containing arbuscules and their vi- cinity (Lambais & Mehdy, 1998) , and suppression of a basic chitinase transcript accumulation in bean mycorrhizal roots, as compared to non-mycorrhizal controls, have been reported (Lambais & Mehdy, 1993) . In general, under high P conditions, the expression of these genes is induced or their suppression is attenuated (Lambais, 2000) . However, a causal relationship between chitinases or β-1,3-glucanases and AM development has not been demonstrated so far, even though transgenic tobacco plants overexpressing a basic chitinase isoform do not show reduced levels of intraradical fungal growth when compared to nontransgenic controls . In our preliminary study, under low P conditions, the steady-state levels of chi9 was greatly induced in the roots of epi and Nr mycorrhizal mutants, as compared to MT, suggesting that basic chitinases may have an important role in controlling intraradical fungal growth, and that the regulation of chi9 expression is dependent on other signals than ethylene. The results on the expression of β-1,3-glucanases are inconclusive. Reduced transcript accumulation of the acid isoform in epi mutant and increased transcript accumulation, although not significant, of the basic and acidic isoforms in Nr mutant suggest a complex regulatory mechanism that may depend on multiple signal molecules acting systemically as well as at the cell level in mycorrhizal roots (Lambais & Mehdy, 1995) . Under low P conditions, P concentration in the shoots of mycorrhizal epi mutant plants were lower than in mycorrhizal MT controls, whereas the P concentration in the shoots of mycorrhizal Nr mutants was not significantly different from the MT control, suggesting that the effect on intraradical fungal growth was not related to the P concentration in the shoots. In addition, G. clarum growth in epi mutant roots under low P conditions was impaired as compared to the growth in MT roots. These data suggest that an early step in the signal transduction necessary for intraradical accommodation was not functional in epi mutant or that the intraradical fungal growth was actively inhibited in this mutant. The AM development in epi resembles that in reduced mycorrhizal colonization (rmc) tomato mutant, as described by Barker et al. (1998) . Since epi and rms are not allelic, as they map on chromosomes 4 (Barry et al., 2001 ) and 8 (Larkan et al., 2007) , respectively, it would be interesting to investigate the relationship between these two mutants. Further studies are also necessary to determine whether the infection or the colonization process is inhibited in epi mutants.
Based in this study, there is no evidence for a direct involvement of the other mutation tested in the intraradical fungal colonization, under low or high P conditions. However, these results do not rule out other effects of ABA, auxins, gibberellins and cytokinins on the regulation of the symbiose. For example, the discovery that cytokinins are negative regulators of P starvation responses (Franco-Zorrilla et al., 2002) implies that this hormone may indirectly influence AM development in some situations. In the case of ABA-deficient mutant notabilis, results are in conflict with the recent report of reduced AM formation in the ABAdeficient tomato mutant sitiens (Herrera-Medina et al., 2007) . Since ABA deficiency causes an elevation on ethylene production (Sharp et al., 2000) , HerreraMedina et al. (2007) provided evidence for a role of ethylene in AM formation using an exogenous inhibitor of this hormone action. The notabilis mutation used here is less drastic than sitiens, which presents a phenotype more characteristic of a severe ABA deficiency (e.g. viviparous seed germination) and also of ethylene overproduction (e.g. leaf epinasty). Whether the difference in severity of ABA deficiency in sitiens and notabilis mutants is related to their differences in AM development remains to be determined. Furthemore, the availability of mutants in different hormone classes in the same Micro-Tom background will provide for double mutant analyses in order to clarify the relative contribution of ethylene and ABA for AM formation.
We have observed that the characteristic wilty phenotype of the ABA-deficient mutant not is delayed in mycorrhizal plants under water stress conditions, as compared to non-mycorrhizal plants (data not shown). This genotype represents a null mutation for the gene LeNCED1, encoding a 9-cis-epoxycarotenoid dioxygenase (NCED) involved in the oxidative cleavage of carotenoids (Burbidge et al., 1999) . NCED is also a key enzyme in the biosynthesis of strigolactones (Humphrey & Beale, 2006) , which have been shown to induce AMF hypha branching (Akiyama et al., 2005) . However, whether the not tomato mutants used in this study are impaired in the biosynthesis of strigolactones has not been determined. Since the levels of intraradical fungal growth in the not mutant and MT were not significantly different, it can be speculated that either strigolactones are not essential for AM development or NCEDs other than the one encoded by the NOT gene are involved in the production of strigolactones.
In summary, ethylene imbalances in tomato have a significant effect on intraradical AMF colonization mostly under low P conditions. Future work should address how the change in ethylene content/ sensitivity in opposite directions would lead to a similar effect in AM formation. Additionally, it was shown that a collection of tomato mutants in a single tomato background represented by MT could be of great value to study AM development under different edaphic conditions. The availability of large populations of MT insertional mutants (Meissner et al., 2000; Mathews et al., 2003) and ESTs databases specific for this cultivar (Yano et al., 2005) provide convenient tools for further studies on the molecular mechanisms controlling AM development.
